This study aimed to validate an algorithm developed to identify chronic thromboembolic pulmonary hypertension (CTEPH) among patients with a history of pulmonary embolism. Validation was halted because too few patients had gold-standard evidence of CTEPH in the administrative claims/electronic health records database, suggesting that CTEPH is underdiagnosed.
Interventional procedures such as pulmonary endarterectomy (PEA) and balloon pulmonary angioplasty (BPA), and medical therapy with the soluble guanylate cyclase stimulator riociguat, can significantly improve clinical outcomes among patients with CTEPH. [4] [5] [6] Unfortunately, CTEPH remains highly underdiagnosed worldwide 7 and prognosis is poor without treatment. 8 To help enable earlier diagnosis and treatment, we developed an algorithm to identify patients with a history of PE who are likely to have CTEPH on the basis of diagnoses, procedures, and tests found in an administrative claims database. 9 The present study aimed to validate this algorithm using an external claims database in conjunction with electronic health records (EHR). However, the validation was halted because too few patients had gold-standard evidence of CTEPH, further highlighting the problem of underdiagnosis of CTEPH in clinical practice.
Methods

Algorithm
The CTEPH patient identification algorithm was developed using administrative claims from the MarketScan database. 9 The algorithm categorizes patients with PE as having high, intermediate, low, or no likelihood of developing CTEPH (Fig. 1) . 
Study sample
CTEPH gold-standard criteria
Gold-standard criteria were established to classify PE patients with ''definitive CTEPH'' and ''suggestive CTEPH.'' Evidence for definitive CTEPH was derived from searching the provider notes in EHR for ''CTEPH'' and other terms related to chronic thromboembolic disease, including pulmonary hypertension (PH) combined with PE or pulmonary location of thrombosis/embolus and terms for BPA or PEA. Procedure codes for BPA or PEA in claims or EHR were also considered to be definitive evidence of CTEPH.
Evidence for suggestive CTEPH was derived from searching the provider notes for ''pulmonary hypertension'' or ''PH'' plus terms for PE or other thromboembolic disease. To confirm whether these patients met the gold-standard CTEPH criteria, notes from up to three recent dates of service with mentions of PH were abstracted for a subset of 20 patients and reviewed by the study's medical experts to check for an explicit PE diagnosis, evidence of a vascular filling defect on pulmonary angiography, evidence of elevated pulmonary artery pressure measurement ( 25 mmHg), or an explicit PH diagnosis noted as a current problem plus an explicit statement that the PH was chronic or active for at least six months. Patients with evidence of congestive heart failure were excluded from consideration.
Statistical analysis
Variables were summarized descriptively using SAS 9.4 (SAS Institute, Cary, NC, USA).
Results
Of more than 5.7 million health plan enrollees with medical and pharmacy benefits in the claims/EHR database during the identification period, 36,791 (0.6%) had at least one medical claim with a PE diagnosis code and 2473 (7%) of these met the continuous enrollment criteria. After 12 enrollees were dropped for missing demographic data and 1406 for not being EHR notes-eligible, the final analytic sample contained 1055 patients. Of 63 patients in the final sample who had some evidence of CTEPH, only four met the goldstandard criteria: two with a PEA procedure code and two with suggestive CTEPH terms plus clinical evidence of CTEPH in the EHR notes. As only < 0.4% of the study cohort met the gold-standard criteria, the validation was halted.
Discussion
This algorithm validation study could not be completed because only 4/1055 (0.38%) of the final PE sample met the gold-standard criteria for CTEPH. Although the true frequency of CTEPH is unknown, the post-PE incidence has been estimated to be in the range of 0.56-3.2%. 3 The lower than expected proportion of PE patients with goldstandard CTEPH evidence identified here suggests that the proper screening, diagnosis, and/or treatment recommended for CTEPH after PE diagnosis has not been consistently performed.
Some of the challenges we encountered in patient identification were due to limitations of the data sources, as substantial sample attrition was caused by lack of available claims and/or EHR data. For example, the continuous enrollment requirement, which was necessary to reflect the time window used during algorithm development, resulted in elimination of > 93% of the 36,791 patients with a PE diagnosis code. In addition, lack of a specific ICD-9-CM code likely made CTEPH less observable in the database and more difficult to track over time.
Importantly, though, in the context of the existing literature, our findings suggest a failure of the clinical diagnosis and post-PE referral pathway for CTEPH. Algorithm validation relied on documentation of CTEPH-related diagnoses, tests, and procedures in the integrated claims/EHR database. However, CTEPH is known to be a profoundly underdiagnosed condition, with only an estimated 7-29% of all patients with CTEPH identified across the US and Europe. 7 In addition, even patients who are correctly diagnosed with CTEPH frequently do not receive the recommended treatment. Approximately two-thirds of the estimated 3000 yearly US cases of CTEPH would be candidates for PEA, the current standard of care; 10 yet, <500 PEA procedures are performed in the US each year.
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This widespread failure to diagnose and treat patients with CTEPH has been attributed to a variety of causes, including non-specific symptoms, lack of adherence to international diagnostic guidelines, and delayed referral of patients to expert centers. 12 Multiple studies have revealed a lack of provider understanding that patients with PE are at risk for CTEPH and should be monitored long-term for signs of PH. 13, 14 In a recent claims database analysis, only 55% of patients with PH symptoms underwent any diagnostic testing over a two-year follow-up period and the most commonly performed test was echocardiography, which is useful in PH screening but cannot accurately diagnose CTEPH.
14 Masking of CTEPH by other conditions is another potential source of missed diagnoses, as many patients who recover from an acute PE have significant cardiopulmonary co-morbidities to which findings of PH may be prematurely attributed. CTEPH may also be missed if ongoing dyspnea and reduced exercise tolerance after PE, known as post-PE syndrome, 15 is not investigated because physicians and patients accept long-term morbidity as an expected outcome. Furthermore, the prevalent misconception that PEA is too risky and/or should be considered only after medical treatment fails is an additional barrier to appropriate referral for surgical evaluation. 13 Taken together, it is probable that these factors contributed heavily to the absence of relevant provider notes and diagnosis/ procedure codes in the claims/EHR data.
Study limitations
Identification of patients with CTEPH from claims data is complicated because there was no unique ICD-9-CM diagnosis code for CTEPH, and many of the relevant symptoms are non-specific. Diagnosis codes that were used to help classify patients as having CTEPH may also apply to other conditions, which may have led to some patient misclassification. Our findings should also be interpreted with 
Conclusions
The pervasive underdiagnosis of CTEPH was likely a substantial contributor to the inability to complete this study, suggesting an urgent need for improved education to reduce the significant gaps that exist between guidelines and reallife clinical practice regarding identification and management of CTEPH. The development and implementation of CTEPH screening tools, such as the algorithm the present study was designed to assess, may help improve CTEPH diagnosis and clinical outcomes.
